The molecular compositions of a range of low viscosity hydrocarbon base oils spanning API Groups II to IV have been quantified using 13 C NMR and correlated with base oil elastohydrodynamic (EHD) friction. A strong correlation has been found between the proportions of paraffin, linear and branched carbons and EHD friction, with a high proportion of linear and paraffinic carbon atoms contributing to low-EHD friction but branched carbons contributing to high-EHD friction. Correlation equations have been developed to predict EHD friction based on base oil composition. At very high temperature and low pressure, this correlation breaks down as the lubricant in the contact does not reach sufficiently high shear stress for shear thinning to occur. For Group IV polyalphaolefin, the correlation must be extended to account for the very high proportion of linear carbons originating from linear alkene oligomerization. The correlations developed in this study can be used to guide the design of low-EHD friction base oils.
Introduction
To meet challenging carbon dioxide emissions reduction targets, coupled with increasing demands of electric vehicles whose transmissions are subjected to very high torque and thus high contact pressures, industry is increasingly demanding high quality base stocks with superior elastohydrodynamic (EHD) frictional characteristics. Base stock qualities depend primarily on the crude oil feedstock and the refining process technology employed, and these result in widely differing base oil structures, and thus properties and performance, including EHD friction.
Crude oils consist of mixtures of hydrocarbon molecules with primarily paraffinic, naphthenic and aromatic structures. They need to be refined to produce targeted base stocks suitable for lubricant applications. Since crude oils have both undesirable and desirable components, the refining process needs to be a balance between removing, converting and retaining components to achieve an appropriate molecular structural transformation to the target product.
Vacuum gas oil or deasphalted oil from distillation of crude oil is generally used as feedstock to produce base stocks. Unlike Group I base stocks which are rich in aromatics and typically obtained from solvent processes, paraffinic base stocks are produced by catalytic hydroprocessing routes including hydrotreating, hydrocracking, isodewaxing and hydrofinishing. To obtain highly refined and highly paraffinic base stocks featuring high viscosity index, low cold cranking simulator (CCS) viscosity, better oxidation stability and higher boiling temperature, a combination of waxy feedstocks and severe hydroprocessing technology is typically adopted [1] .
Elastohydrodynamic lubrication (EHL) is present in lubricated components such as gears, rolling bearing, camtappet systems and constant velocity joints, where nonconforming contacts generate high strain rate and very high pressure. EHD friction is determined by how the lubricant molecules respond to these conditions. It is now recognized that EHD friction is mainly affected by the structure and flexibility of the base oil molecules present, since these control how easily molecular layers move past one another during shear at high pressure when the available free volume is very limited [2] .
Although there have been many studies concerning the EHD friction properties of different base oils, these have mainly focused on synthetic base oils designed to provide high-EHD friction for traction drives [3, 4] . Studies of the EHD friction of conventional, petroleum-derived hydrocarbon base oils has been limited to exploring the impact of base oil viscosity and API group type, with little attempt to relate EHD friction to detailed base oil composition.
In this study, the EHD friction of low viscosity, highly refined paraffinic base oils such as are becoming prevalent in low-friction lubricant formulations is correlated with molecular structural parameters determined by 13 C nuclear magnetic resonance (NMR) spectroscopy. The aim is to better understand how to obtain low viscosity, hydrocarbon lubricants that provide low friction in EHD contacts.
Previous Work
There has been considerable previous research on the EHD friction properties of base fluids aimed at relating their friction behaviour to their composition. Gunsel and co-workers studied a wide range of base fluids from various refining processes and with different kinematic viscosities, and found that synthetic polyalphaolefin (PAO) and hydro-treated base oils gave lower friction than solvent-treated mineral base oils [5] . This has been recently confirmed by Zhang et al. [2] .
Most systematic exploration of the relationship between EHD friction and molecular structure of base fluids has focused on synthetic base oils and especially fluids that deliver high-EHD friction [3, 4 6-11] . This is unsurprising since the molecular structure of most synthetics is much better defined than that of mineral oil-derived fluids. It has been shown that cyclic saturated ring structures give high-EHD friction [3, 6] and that the extent of alkyl chain branching also contributes to an increase of EHD friction [4] . Tsubouchi identified five key molecular structure features for high-EHD friction to be high molecular stiffness, large size, short alkyl chain length, high melting point and low molecular polarity [7] [8] [9] [10] . Edgar and Hurley applied quantitative structure activity relationships (QSAR) to predict EHD friction based on friction measurements on a learning set of molecules of known structure to aid in the development of new traction fluids [11] .
Oxygen-containing Group V synthetic base oils, such as esters and glycols have been another area of interest in terms of EHD friction behaviour. Hetchshel studied various polyglycols and found that ethylene-based ones gave the lowest EHD friction. He proposed that lubricant molecules with a thread-like shape and a minimum of pendant structural subunits or functional groups reduced the intermolecular interactions that contribute to EHD friction [12] . Chang et al. found that shear stress (and thus friction) was strongly dependent on ester structure, demonstrating that esters with long and linear chains gave low shear stress, while branched chain esters gave relatively high shear stress [13] . Zhang et al. measured the EHD friction properties of a very wide range of base fluids including synthetics and mineral oils. They confirmed the importance of molecular structure of the base fluid on EHD friction and that liquids having linearshaped molecules with flexible bonds give lower friction than liquids with bulky side groups or rings [2] .
Most of the studies above have employed disc machines or ball-on-disc tribometers and were aimed specifically at measuring EHD friction. A number of studies have also explored the impact of lubricant molecular structure on the friction and efficiency of actual engineering components. Rounds used a thrust ball bearing rig to measure the friction properties of several mineral and synthetic base oils and found that naphthenic base oils gave higher friction than paraffinic base oils [14] . Yang et al. measured the temperature rise of a loaded thrust bearing to correlate with measured EHD friction. Based on this, they suggested that EHD friction is one of the important lubricant properties in determining rolling bearing efficiency and found that Group III + , IV and ester (Group V) have generally low-EHD friction [15] . Yoshizaki et al. studied the influence of base oil structures on friction loss by testing spur gears [16] while Höhn et al. investigated the influence of base oil type on gear mesh losses [17] . They both noted torque reduction with synthetic base oils including esters, polyglycols and PAO, compared to mineral base oils.
In this study, highly refined hydrocarbon base oils with quite similar compositional types have been selected to conduct a systematic study of the impact of molecular structure on EHD friction. Nuclear magnetic resonance (NMR) spectroscopy has been reported to be a powerful tool to understand the structural parameters of base oils and has been correlated with the latters' bulk properties such as low-temperature rheology and pressure-viscosity coefficient [18] [19] [20] [21] [22] . In this study, NMR has been applied to derive a range of quantitative structural parameters of the base oils of interest and a series of EHD friction property measurements has been made on the same set of base oils at various conditions. Finally, correlation by multiple regression fit has been made between the quantitative molecular structural characteristics and EHD friction. This correlation between structure and property can be used to inform the design of tailored molecules to create new base oils able to cope with the rising demand for high quality, low-friction base oils. 
Test Fluids
The eleven hydrocarbon base oils used in this study are listed in Table 1 . They include a range of Group II, III and IV base oils as classified by American Petroleum Institute (API) [23] , with kinematic viscosities of around 4 centistokes (cSt) at 100 °C measured using the ASTM D445 test method. Although Group II + and Group III + are marketing terms generally expressed to differentiate higher VI base stocks within their own groups (Group II + : VI 110-119, Group III + : VI 130 or more), the base oil samples studied here were further classified based on their Viscosity Index (VI). PAO designated as Group IV was used as a synthetic hydrocarbon base oil.
Test Methods

EHD Friction
EHD friction was measured using a mini traction machine (MTM2, PCS Instruments). In the MTM, a ball is loaded against the flat surface of a disc immersed in lubricant and these are independently driven to enable any desired combination of rolling and sliding speed. Friction curves were obtained at a fixed entrainment speed of 2.0 m/s over a wide range of slide-roll ratio (SRR) values ramped up from 0 to 50%. In this study, 19.5 mm diameter AISI 52100 steel balls and 46 mm diameter AISI 52100 steel discs were employed. Their root mean square surface roughnesses, R q , were 11 and 5.5 nm, respectively.
The tests were conducted at five different temperatures, 40, 60, 80, 100 and 120 °C, and four different applied loads, 15.0, 25.9, 41.1 and 61.3 N, corresponding to mean Hertz pressures of 0.5, 0.6, 0.7 and 0.8 GPa, respectively.
EHD Film Thickness
The EHD film-forming properties of the test oils were also measured in order both to ensure that friction measurements were made in full-film EHD conditions and also to enable calculation of the mean shear rates present in the frictional contacts. EHD film thickness measurements were made using an ultrathin film measurement system (EHD2, PCS Instruments). This employs optical interferometry to measure lubricant film thickness in a rolling steel ball on coated disc contact [24] .
In this study, the measurements of central film thickness were made as a function of entrainment speed in nominally pure rolling with a steel ball/glass disc combination at an applied load of 20 N. 13 C NMR analysis was carried out on a 600 MHz NMR spectrometer in deuterated chloroform. The experiments were performed at room temperature and chemical shifts were measured with respect to tetramethylsilane (TMS) used as an internal standard. Neat base oils were analyzed without separation of saturate and aromatic fractions. Structural parameters of the base oils were computed from the data obtained from 13 C NMR measurements.
Nuclear Magnetic Resonance Spectroscopy
Results
EHD Friction
Some of the EHD friction coefficient versus SRR curves obtained at different temperatures and pressures are presented in Fig. 1 . All fluids were tested twice and all showed less than 5% variation between repeat tests under all conditions. All of hydrocarbon base oils showed a very similar pattern of frictional behaviour, where friction increased with pressure and decreased with temperature. There is an evident systematic variation of friction coefficient with API group except at very low pressure and high temperature.
EHD Film Thickness
Film thickness measurements were made on all the base oils over the temperature range 40 to 120 °C. Figure 2 shows results at 40 and 100 °C. These measurements were used to estimate the film thicknesses in the MTM friction tests. In this estimation, allowance was made for the effects of differences in elastic modulus and applied load between film thickness and friction measurements by using the Dowson and Hamrock film thickness equation [25] . They showed that all subsequent MTM friction measurements were made in full-film EHD conditions with lambda ratio (ratio of central EHD film thickness to composite surface roughness) always greater than 4.
These film thickness data were also used to determine strain rates (sliding speed/film thickness) to enable conversion of EHD friction curves to plots of mean shear stress versus strain rate as described later in this paper. 
Nuclear Magnetic Resonance Spectroscopy
A 13 C NMR spectrum of one of the base oils is shown in Fig. 3 . The quantitative 13 C NMR provides important details on the different types of carbon atoms present in the average structure of base oils. Therefore, it gives a compositional profile for each base oil including detailed paraffinic structure estimation. The general assignment of all of the peaks in 13 C NMR spectra was carried out based on earlier studies [18] [19] [20] [21] [22] .
The carbons are first divided into saturated (C SAT , 5-60 ppm) and aromatic (C ARO , 90-160 ppm) types. As most of the base oils studied here are highly refined base oils, saturated carbon atoms are divided into paraffin carbons and naphthenic carbons to identify specific saturate carbon structures. Naphthenic carbons are poorly resolved in 13 C NMR spectroscopy, which results in a broad hump in the 24-60 ppm region. Therefore, a baseline correction was applied to remove the naphthenic carbon background. Paraffin carbons are then further divided into linear carbons and branched carbons. Linear carbon content is determined by integrating terminal carbons on long alkyl chains with carbon atoms located 1, 2, 3 and 4 or more carbon atoms away from a terminal carbon. These are indicated as α, β, γ, δ, and ε in Fig. 4(a) and 13C NMR peaks of these are at 14.1, 22.9, 32.1, 29.6 and 29.9 ppm, respectively. Not included as linear carbons are those within three carbons of a tertiary carbon, as indicated by α′, β′, γ′ in Fig. 4a . The measured values of the above three derived structural parameters are listed in Table 2 for all the base oils except for the PAO which will be discussed separately in the discussion section. 
Shape of EHD Friction Curves
At most temperatures and loads, the friction coefficient versus SRR curves as illustrated in Fig. 1 show classical EHD friction behaviour, with a rapid rise in friction with SRR followed at higher SRR by a levelling out and then, at the highest loads, a slight drop in friction coefficient. Johnson and Tewaarwerk have produced the most widely accepted model of this behaviour [26] . At very low SRR and thus low strain rates, the fluid behaves in a Newtonian fashion, though this tends to be overlain at high pressures with an accommodation of some of the strain by a viscoelastic response of the fluid and elastic shear compliance of the contacting surfaces. When the strain rate and thus the shear stress reaches a critical value, often called the Eyring stress, the film starts to shear thin so that its shear stress no longer rises linearly with strain rate and this is responsible for the initial levelling out of the friction curves. At high shear stress and strain rate, the fluid film experiences a significant temperature rise due to shear heating, and this produces a full levelling out and even slight fall in the friction at high SRRs for most lubricants, including the ones tested in this study.
If EHD film thickness is known, friction coefficient versus SRR curves can be converted to graphs of mean shear stress (mean pressure multiplied by friction coefficient) versus strain rate (sliding speed divided by film thickness). This is shown in Fig. 5 for the two sets of friction curves at 40 °C in Fig. 1 . In this figure, the graphs are plotted versus log (strain rate) and this shows approximately linear behaviour at high strain rate. This is as predicted by the Eyring-activated shear model which states that [26] ;
where τ e is the Eyring stress above which shear thinning occurs, η p is the low shear rate viscosity of the lubricant at the prevailing pressure and ̇ is the strain rate [27] .
At shear stresses greater than about 1.5τ e this simplifies to;
(1) = e sin h −1 ė
(2) = e log e 2ė Figure 5 shows that over much of the SRR range, mean shear stress is proportional to log (strain rate) but that at high strain rate the shear stress curves flatten and at high pressures, actually start to fall. This is due to shear heating of the EHD film at a combination of high shear stress and high strain rate. To determine the intrinsic EHD friction of base oils the effects of shear heating of the EHD film can be subtracted to obtain isothermal shear stress versus strain rate curves. The mean temperature rise of oil film in a contact is the sum of the mean "flash temperature rise" of the two solid surfaces as they pass through the contact, Δ T surf , and the mean temperature rise of the oil film above this surface temperature Δ T oil , giving the mean oil film temperature in the contact, T oil film as;
Isothermal Correction
where T o is the bulk temperature, K s , ρ and c are the thermal conductivity, density and specific heat of the surfaces, respectively, b is the contact half width and K oil the thermal conductivity of the oil film. ̇q ′′ is the rate of heat generation by friction per unit area of film and is given by
In Eq. 4, K s ρc = 7.95 × 10 7 J 2 K −2 s −1 m −4 , b was 98 µm at a load of 15 N, 118 µm at 25.9 N, 137 µm at 41.1 N and 157 µm at 61.3 N. K oil was estimated from data in [28] by selecting the nearest fluid type and correcting to the relevant mean contact pressures. For each measured friction value, the mean oil film temperatures in the contact calculated and mean shear stresses obtained from measured friction data were corrected back to their bulk test temperatures as described in [2] . Figure 6 shows the effect of this correction to isothermal conditions for a set of friction data. It can be seen that the correction has the effect of extending the logarithmic response region to higher strain rate, confirming the fit of the data to the Eyring shear thinning model. It does not change the ranking order of the various base oils in terms of their EHD friction. Figure 7 shows calculated Eyring stress for hydrocarbon base oils tested in this study. Some of these were used to predict friction coefficient, and then compared with isothermally corrected friction curves of base oils, as shown in Figs. 9 and 10.
Eyring Stresses
Friction Behaviour at High Temperature and Low Load
As can be seen in Fig. 1e , at very low pressure and high temperature, the friction coefficient versus SRR curves are almost linear and there is relatively little difference in friction between the different groups. This is because under these conditions, all the fluids are behaving in a predominantly Newtonian fashion and do not reach sufficiently high shear stress to experience shear thinning. In this case dynamic viscosity alone will control friction. Evans and Johnson have derived regime maps to describe lubricant film rheological response at different pressures and strain rates [29, 30] . These suggest that fluids behave in a Newtonian fashion at low strain rates, if they have low viscosity or are at modest pressure, but that in high pressure contacts, they show a shear-thinning response. Figure 8 shows two sets of isothermally corrected shear stress versus strain rate data. The main graphs show shear stress versus log (strain rate) while the insets show shear stress versus linear strain rate. At high pressure and low temperature, the plots show that mean shear stress is proportional to log (strain rate). At low pressure and high temperature, however, the shear stress versus log strain rate curves are certainly not linear. Instead shear stress is proportional to strain rate suggesting little if any shear thinning in the EHD contact. Figures 9 and 10 compare isothermally corrected, measured friction curves with calculated ones. Figure 9 is for EHD friction measured at low temperature and high pressure (61 N and 40 °C). This is compared with two predictions, one assuming that the fluid experiences an exponential rise in viscosity with pressure but does not shear thin. The second allows both a piezoviscous response and also shear thinning according to the Eyring equation. For both predictions, the pressure-viscosity coefficient was taken to be 11 GPa −1 and in the shear-thinning prediction an Eyring stress of 11.7 MPa was used, as determined from the slope of the measured curve at high shear rate. It is evident that measured friction results from a fluid that is experiencing both piezoviscous response and shear-thinning response. By contrast, Fig. 10 shows that at low pressure and high temperature using a pressure-viscosity coefficient of 10 GPa −1 , the friction can be predicted solely from a piezoviscous response without any shear thinning. Fig. 8 Isothermally corrected EHD shear stress versus log 10 (strain rate) curves for hydrocarbon base oils, a 40 °C/0.8GPa, b 120 °C/0.5GPa. The insets show linear shear stress versus strain rate plots 
Correlation of EHD Friction and Structural Parameters
It is evident from Fig. 1 that base oil groups Group III, III + and IV show relatively low-EHD friction. As suggested by previous researchers [2, 5, 6, 12, 13] this can be attributed to more linear paraffinic molecular structures in higher base oil groups, which enable easier alignment and less interaction with neighboring molecules during shear at high pressure, thus favouring lower EHD friction. In the current study, detailed structural parameters for each base oil were obtained using 13 C NMR as listed in Table 2 and multiple linear regression analysis of these parameters with EHD friction was carried out to model the relationship between them. Correlations were made for EHD frictions measured at each temperature and pressure at five different SRR values of 5, 10, 20, 30 and 50%. As expected, the parameters of total paraffin carbons and linear carbons are positively correlated with EHD friction, but the parameter of branch carbons is negatively correlated. Detailed results of regression analysis are presented in Table 3 . Very close correlations with R 2 coefficient of over 0.99 are obtained with EHD friction measured at 0.7 GPa and 0.8GPa at 80 °C and 0.8 GPa at 100 °C, while the average R 2 for all EHD frictions measured was 0.968 and increased to 0.984 except for results measured at combined low pressure and high temperature (0.5 GPa and 0.6 GPa at 120 °C and 0.5 GPa at 100 °C). As indicated above in these last three conditions, although the contact is operating in the EHD regime, the shear stress in the contact is not high enough to cause shear thinning. Therefore all the fluids behave in a predominantly piezovisous Newtonian fashion and do not reach sufficiently high shear stress to experience shear thinning. To clarify the relative contribution of the three parameters, Table 4 shows the same fits but in normalized form. This shows that the linear carbons make the strongest contribution and also that branched carbons have a more significant effect at low than at high SRR.
Although the effects of molecular structure on EHD friction such as more linear chains and less branches to give lower EHD friction, have been reported mainly qualitatively, this study has clearly shown the effect of molecular structures quantitatively and a high degree of correlation based on detailed molecular carbon level. Thus, the findings could be applied to design lower EHD friction base oils to maximize fuel economy and energy efficiency.
The above correlations were made using the raw EHD friction data without thermal correction. Correlations were also tested using isothermally corrected friction data. The isothermally corrected average R 2 coefficient was 0.964 and increased to 0.984 when results measured at 0.5 GPa and 0.6 GPa at 120 °C, and 0.5 GPa at 100 °C were excluded. These are almost identical to the uncorrected friction correlations of 0.968 and 0.984. This is unsurprising since the isothermal correction is based on friction in a systematic way and should scale linearly with friction.
EHD Friction and Structural Parameters of PAO
PAO has been included in this study to compare the effectiveness of the correlation for synthetic hydrocarbon base oils that have considerably different structures from mineral base oils. As generally recognized, PAO shows relatively low-EHD friction based on a very high proportion of linear paraffin chains. Although PAO is synthesized paraffinic base oil, 13 C NMR structural parameters showed Table 3 Detailed result of regression analysis relating EHD friction to 13 C NMR structural parameters of base oils (in these regression equations, C P , C L and C B are fractional values, not percentages as in Table 2 6.9% of naphthenic carbons when a baseline correction is applied as was done for the rest of base oils. However, it was confirmed that the PAO sample has more than 99% paraffinic carbons by the mass spectrometry (MS)-based ASTM test method D2786. Multiple linear regression analysis between EHD friction and 13 C NMR structural parameters of hydrocarbon base oils including PAO (with C P : 93.1, C B : 10.5, C L : 50.6) give considerably lower R 2 coefficients than when PAO is not included and the average R 2 coefficient falls down to 0.908 (0.925 except for results measured at 0.5 GPa and 0.6 GPa at 120 °C and 0.5 GPa at 100 °C). This can be explained in terms of the unique molecular architecture of PAO, which has long chain branches on a main backbone. Based on the assignment rule applied to 13 C NMR, carbons that are located 4 or more carbon atoms away from a backbone chain on long chain branches, Table 4 Normalized regression equations relating EHD friction to 13 C NMR structural parameters of base oils; (in these regression equations, C P , C L and C B are fractional values, not percentages as in Table 2 corresponding to ε, δ, γ, β, α in Fig. 4a , are defined as linear carbons, but they are obviously on long branches. The PAO sample used in this study was polymerized with 1-decene and the ratio of trimer, tetramer and pentamer can be estimated by gas chromatography (trimer 82.2%, tetramer 16.8%, pentamer 1%). Thus, after calculating the number of the linear carbons on long branches and reassigning them as branch carbons (C P :93.1, C B :19.9, C L :41.2), the average R 2 coefficient is improved to 0.966 (0.980 except for results measured at 0.5 GPa and 0.6 GPa at 120 °C and 0.5 GPa at 100 °C), which is close to the R 2 coefficient with mineral oils only. This improvement is shown in Fig. 11 which compares R 2 before and after reassignment.
Conclusions
This study shows quantitatively the impact of molecular structures of highly refined hydrocarbon base oils on EHD friction. The relationship between the EHD friction and the molecular structural parameters of base oil has been established with very high R 2 coefficient, especially at high pressure and low and mid-range temperature. The critical average structural parameters for the EHD friction are total paraffin carbons, linear carbons and branched carbons determined by 13 C nuclear magnetic resonance (NMR) spectroscopy.
Distinguishable EHD friction curves are achieved depending on API base oils (Group II, II + , III, III + , IV) with similar kinematic viscosity, reflecting the obvious differences in their molecular structures. Fig. 12 (continued) 
